The polyploid nature of wheat is a key characteristic of the plant. Full-length complementary DNAs (cDNAs) provide essential information that can be used to annotate the genes and provide a functional analysis of these genes and their products. We constructed a full-length cDNA library derived from young spikelets of common wheat, and obtained 24056 expressed sequence tags (ESTs) from both ends of the cDNA clones. These ESTs were grouped into 3605 contigs using the phrap method, representing expressed loci from each of the three genomes. Using BLAST, 3605 contigs were grouped into 1902 gene clusters, showing that loci of the three genomes are not always expressed. A homology search of these gene clusters against a wheat EST database (15964 gene clusters) and a rice fulllength cDNA database (21447 gene clusters) revealed that a quarter of the wheat full-length cDNAs were novel. A protein database of Arabidopsis was used to examine the functional classification of these gene clusters. The GC-content in the 5´-UTR region of wheat cDNAs was compared to that of rice. Forty-three genes (3.5% of wheat cDNAs homologous to those of rice) possessed distinct GCcontent in the 5´-UTR region, suggesting different breeding behaviors of wheat and rice.
INTRODUCTION
Polyploidy is a characteristic feature of plant genomes (Soltis and Soltis 2000; Vision et al. 2000; Wendel 2000) . Indeed, about 70% of all angiosperms were polyploid at some stage during their evolution (Masterson 1994; Leitch and Bennet 1997) . Although polyploidy leads to an increase in gross genetic information, the presence of polyploidy makes it difficult to analyze genome structure and gene regulation. Common wheat, which is characterized by polyploidy, is an allohexaploid that possesses three distinct genomes, namely AABBDD (Lilienfeld 1951) . Since the genetic relationships among wheat species have been extensively characterized (Tsunewaki 1993) , wheat species ( Triticum-Aegilops group) can be used as a model system to study the genomics of polyploid plants. However, the wheat genome is exceptionally large: the diploid genome is about 5 Giga base pairs (Gbp). Thus, allohexaploid common wheat possesses a genome of about 16 Gbp, which is 40 times the size of the rice genome (430 MB; Sasaki 2003) . This inherent complexity has led geneticists to direct their studies of the wheat genome using expressed sequence tags (ESTs). In fact, as of April 2, 2004, there were approximately 550000 wheat ESTs available in the NCBI database of ESTs (http://www.ncbi.nlm.nih.gov/dbEST/ dbEST_summary.html). Recently, we examined a large number of ESTs expressed in 10 tissues throughout the life cycle of the plant. We were able to classify those ESTs into distinct contigs among the three genomes (Ogihara et al. 2003) , although none of the published cDNA libraries were full length.. Although ESTs are a powerful tool for constructing a catalog of expressed genes, they provide only a limited ability to investigate gene function. For fuller investigations, sequence information about fulllength cDNAs is important for the analysis of the structure and function of wheat genes and their products from the three genomes.
Here, we report the construction of a full-length cDNA library from young spikelets of common wheat using the biotinylated CAP trapper method (Shibata et al. 2001; Seki et al. 2001) , and the large-scale sequencing of fulllength cDNA clones, with the aim of characterizing the transcriptome of this tissue.
MATERIALS AND METHODS
Plant materials. Common wheat ( Triticum aestivum cv. Chinese Spring) was grown in an experimental field, and spikelets at the flower differentiation stage (Feekes' scale = 6-7; Feekes 1941) were collected and immediately frozen in liquid nitrogen. Frozen tissues were stored at -80 ° C until use.
RNA preparation and construction of full-length cDNA library. Total RNA was extracted using an RNeasy plant mini-kit (Qiagen) according to the manufacturer's directions. Approximately 100 mg of frozen tissue per tube was used for RNA extraction. Poly (A) + RNA was prepared with Oligotex-dT30, as recommended by the supplier (Takara Shuzo). A full-length cDNA library from this poly (A) + RNA was constructed by the biotinylated CAP trapper method using trehalose-thermoactivated reverse transcriptase (Shibata et al. 2001; Seki et al. 2002) . The resultant double-stranded cDNAs were digested with BamHI-XhoI, and ligated into the BamHI-SalI site of lambda ZAPII (Stratagene).
Size estimation of insert cDNAs. Plasmid DNAs were extracted using a QIAprep spin miniprep kit (Qiagen) after in vivo excision. PCR amplification of the insert DNAs was performed with 5-10 ng of plasmid DNA. T3 and T7 promoter sequences of lambda ZAPII were used as the primers. PCR was performed for 30 cycles of 1 min at 94 ° C, 1 min at 68 ° C and 1 min at 72 ° C. The PCR products (2428 in total) were electrophoresed next to DNA size markers . The molecular sizes of the insert DNAs were estimated by subtracting 0.1 kb from the sizes of the PCR products, because the products were known to harbor approximately 0.1 kb of vector sequence.
DNA sequencing of cDNA clones. After in vivo excision of the plasmids, individual plasmid DNAs were extracted using a Kurabo DNA extraction instrument (Toyobo). Inserted cDNA sequences were determined from both ends using the dye terminator cycle sequencing method (Applied Biosystems).
Grouping of ESTs into contigs.
Related cDNA sequences from both ends were grouped as contigs with the phrap program (University of Washington Genome Center; http://www.genome.washington-edu/UWGC) under the following criterion: new ace -penalty -5 -minmatch 50 -minscore 100. Subsequently, contigs were annotated according to their DNA sequence homologies against the DDBJ/EMBL/NCBI database using the BLAST program (Karlin and Altschul 1993) . The contigs were then classified into related gene groups using BLASTn (E value = 1 × 10 -20 ).
RESULTS AND DISCUSSION
Construction and quality check of a full-length cDNA library in common wheat. A full-length cDNA library was constructed from the young spikelets of common wheat. Packaged DNA produced about 8.8 × 10 5 plaques. The size distribution of the insert DNAs is shown in Fig. 1 . The average size of the insert DNAs was about 1.5 kbp, which is larger than those of Arabidopsis (Kotani et al. 1997; Seki et al. 1998 ), but slightly smaller than those of mouse cDNA inserts (1.6 kbp) (Carninci et al. 1996) . To characterize the cDNA library, recombinant clones were randomly selected and sequenced from both ends. The number of sequences determined is presented in Table 1 . In the full-length cDNA library, approximately 12000 sequences from each of the forward and reverse directions were determined. In total, 24056 sequences from both ends were further analyzed after eliminating low-quality sequences and contaminating clones.
We examined the proportion of full-length cDNA clones that harbored an initiation codon. We selected 1019 wheat genes harboring the complete coding sequence from GenBank (release 130.0). These 1019 wheat genes were matched against the 12058 forward sequences of the full-length cDNAs to identify homologous sequences. ESTs corresponding to the genes were identified using BLAST x (E< 1 × 10 -30 ; Karlin and Altschull 1993) , and tested to determine whether they contained a 5´-UTR. Of the 2256 clones showing homology to the genes registered in GenBank, 1817 ESTs (80.5%) harbored a 5´-UTR. In addition, we performed a BLAST x search of these 5´-ESTs (E <1 × 10 -20 ) against the 28433 amino acid sequences of rice ORFs deduced from full-length cDNA sequences (Kikuchi et al. 2003) . This analysis revealed that 7460 ESTs (61.9%) showed homology to rice full-length cDNAs. Among these ESTs, 6942 (93.1%) possessed the first methionine of their rice counterparts, and those ESTs appeared to have the 5´-UTR. The low frequency of clones that were observed to harbor the 5´-UTR compared to wheat-coding sequences (CDSs) was due to the limited number of wheat genes registered in GenBank. Indeed, when the clones were examined to determine the existence of the 5´-UTR against the rice full-length cDNA database, more than 90% of the wheat clones possessed a 5´-UTR sequence. Taking these cases into account, we conclude that more than 90% of the wheat ESTs contained complete coding sequences. This frequency is almost equivalent to the reported values given for Arabidopsis (Seki et al. 2002) and rice (Kikuchi et al. 2003 ).
Since about 15% of the ESTs from the cDNA library of young spikelets were estimated to be the full-length cDNAs (Ogihara et al. 2003) , the biotinylated CAP trapper method (Shibata et al. 2001; Seki et al. 2001 ) was suitable for efficiently constructing full-length cDNA library of common wheat.
Classification of EST data. The 24056 ESTs were grouped into 3605 contigs using the phrap program (Table 1) . These contigs are believed to represent each locus from three homoeologous genomes, namely A, B and D (Ogihara et al. 2003) , and were assigned into 1902 gene groups according to the BLAST n method (E <1 × 10 -20 ).
The number of contig members classified into each of the gene groups was then counted (Fig. 2) , and more than 70% of the contigs were found to constitute a single group. This suggests that three quarters of the genes possibly expressed in the hexaploid wheat genome are expressed from one genome, showing genetic diploidization in the hexaploid Shaked et al. 2001 ). On the other hand, 18.5% and 4.8% of the genes were expressed from the two and three loci of the hexaploid wheat, respectively (Fig. 2) . These loci probably correspond to the homoeologous genes located on each of three genomes, i.e., A, B and D.
Annotation of wheat ESTs expressed in the young spikelets. The 1902 gene clusters from the wheat fulllength cDNAs were annotated against the Munich Information Center for Protein Sequences (MIPS) protein entry codes (http://mips.gsf.de/proj/thal/db/tables/ tables_func_frame.html) in order to assess the function of each gene. We found that 1570 wheat genes matched those of MIPS, and 332 wheat genes were unmatched, as presented in Table 2 . On average, 7.1% of the predicted genes registered in MIPS matched the wheat full-length cDNAs. However, genes that belong to functional categories, such as protein synthesis (27.5%), energy (19.9%) and protein destination (13.7%), were very frequently detected in the EST population. Thus, these annotations of wheat ESTs suggest gene expression patterns in the wheat spikelet at the late flowering stage. We found 44 genes responsible for transcription (Table 2) , which might control the expression of genes responsible for young spikelets.
Characterization of EST members in the wheat
full-length cDNA library at the young spikelet stage. The 1902 gene groups were examined for homology against 25971 wheat contigs, which were classified into 15964 gene groups (Ogihara et al. 2003) . Of these 1902 gene groups, 640 (33.6%) revealed no similarity with the 15964 gene groups from the wheat data pool, and this analysis showed that 640 novel genes were cloned (Fig.  3A) . Since the DNA sequence data of the 15964 genes were obtained from the non-full-length cDNA clones, full sequencing of the 1902 genes will be required. The constituents of the wheat full-length cDNAs were also compared with those of the 21447 rice gene clusters (Kikuchi et al. 2003 ), using BLAST n (E <1 × 10 -5 ), as shown in Fig. 3B . Sequence homology was identified in 1328 of 1902 gene groups (69.8%) in their rice counterpart. Subsequently, the homology of the remaining 574 wheat genes was tested against the nr (non-redundant amino acid) database using BLAST x, and an additional 116 genes homologous to rice were added. Moreover, 160 genes homologous to other organisms were also included. Finally, 278 genes (14.6%) did not have any homologous Organism-specific proteins 1 0
Classification not sequences in the GenBank database. These novel genes would be a valuable genetic resource with which to perform comparative and functional genomics among related plants.
Comparison of 5´-UTR sequences of wheat ESTs to those of rice. The GC-content of the 5´-UTR of the wheat genes was calculated as the percentage of number of G or C nucleotides among the total nucleotides upstream of the initiation codon, and was compared to that of rice to assess distinct gene functional differences between the rice and wheat genomes, both of which show typical breeding characteristics in response to environmental conditions. The wheat genes that showed differences of GC-content in the 5´-UTR region of more than 20% were identified. Forty-three genes were found to be in this category (Table 3) . As expected, genes categorized as encoding stress-related proteins showed a higher frequency of distinct GC-content in the 5´-UTR region compared to those of rice. Unexpectedly, genes classified as encoding metabolism-related and ribosomal proteins also possessed distinct GC-content in the 5´-UTR region compared to those of rice. It should be pointed out that genes for transcription factors (two examples) and a lightinducible protein (one example) were found in the list. These genes might explain the distinct breeding behaviors of wheat and rice in response to environmental conditions.
Wheat possesses a huge amount of DNA in its genome (Leitch and Bennet 1997) . In addition, common wheat harbors three distinct genomes, A, B and D (Lilienfeld 1951) . Complete sequencing of the whole genome of hexaploid wheat is considered to be unrealistic. Accordingly, the accumulation of EST data from the full-length cDNA libraries of hexaploid wheat is essential to carry out comparative functional genomics of polyploidy wheat (Ogihara et al. 2003) .
These EST data should provide a valuable genetic resource for further genomic analysis. The data are available from the website http://shigen.lab.nig.ac.jp/ wheat/est2002/. Functional classification principally follows that of Table 2 .
